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II. Early times: 
Inflation, particle species, 

evolution…

III. Late times: 
Gravitational lensing, 
structure formation…



Cosmic Microwave Background

• At early times, nearly all 
matter is a plasma of 
free protons, electrons, 
and photons


• The plasma is opaque 
to photons


• As universe expands, it 
cools, and eventually 
neutral Hydrogen forms


• Neutral hydrogen is 
transparent to photons
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A Prediction

• Universe should be filled with 
CMB “light” left over from 
recombination


• Because of expansion of 
universe, light (aka “radiation”) 
is redshifted to ~3K or 160 GHz 
= microwaves


• Look for irreducible background 
of microwave radiation


• “Blackbody” radiation
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Penzias and Wilson Detect CMB - 1964
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Penzias and Wilson Detect CMB - 1964

• Extremely sensitive receiver 
cooled to 4K with liquid 
helium to reduce thermal 
noise


• Carefully accounted for all 
noise sources, total of 0.3K


• Cleaned out the pigeon 
poop…


• Measured 3K signal from all 
directions on the sky
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Penzias and Wilson Detect CMB - 1964

Conclusive evidence for Big Bang model!6



Penzias and Wilson Detect CMB - 1964

Technology enables discovery 6



Cosmic Microwave Background Radiation

Planck 
satellite

Snapshot of the Universe when it was only 380,000 years old 
(and had a temperature of a few thousand degrees)

3o above zero

Temperature map

COBE Satellite
Temperature ~ 2.7 K

Credit: Ting Li
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Cosmic Microwave Background Radiation

Planck 
satellite

Snapshot of the Universe when it was only 380,000 years old 
(and had a temperature of a few thousand degrees)
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Cosmic Microwave Background Radiation

Planck 
satellite

Snapshot of the Universe when it was only 380,000 years old 
(and had a temperature of a few thousand degrees)

3o above zero

Temperature map

Temperature ~ 2.7 K Temperature difference < 0.01 K

Planck Satellite
Credit: Ting Li
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From Maps to Power Spectra

ΛCDM cosmology:
68% dark energy
27% dark matter
5% baryons
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astrophysics

acoustic oscillations
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From Maps to Power Spectra
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cosmic-variance

limited

can

improve only ~10% of sky


measured



Why the power spectrum is useful

Sensitive to 
the entire


matter/energy 
budget!
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South Pole: Excellent Site for CMB 
Observations
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South Pole: Excellent Site for CMB 
Observations

• High elevation: 10,000 feet

• Extremely dry atmosphere

• Stable observing conditions
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Water Absorbs Microwaves

Good for dinner, bad for cosmology
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Water Absorbs Microwaves

Good for dinner, bad for cosmology
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Where to Go?
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Telescopes

• Large mirror = high resolution, 
but expensive


• Small refractor = low resolution, 
but cheap

10m (~30ft)

South Pole Telescope

BICEP/Keck

0.5m
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The South Pole 
Telescope (SPT)

photo credit: Jason Gallicchio

• Unique 10 m primary 
mirror, largest of its kind


• resolution of 1.0 to 1.5 
arcmin, highest resolution 
CMB maps


• South Pole is an excellent 
site:

• dry

• extremely stable 

atmosphere

• 24/7 access to the same 

clean patches of sky 
(“relentless” observing)
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Planck
143 GHz
50 deg2

The moon 
(for scale)
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SPTpol
150 GHz
50 deg2

7x finer angular 
resolution
deeper on a 
fraction of the 
sky

The moon 
(for scale)
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SPTpol
150 GHz
50 deg2

7x finer angular 
resolution
deeper on a 
fraction of the 
sky

The moon 
(for scale)
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Point Sources 
Active galactic nuclei, distant 
star-forming galaxies, 
transient sources

Galaxy Clusters 
Sunyaev-Zeldovich effect from 
galaxy clusters



South Pole Telescope
SPT-SZ (2007)

960 detectors at 95, 150, 220 GHz

SPTpol (2012)

1500 detectors at 95, 150 GHz

w/polarization

photo credit: Jason Gallicchio

22



South Pole Telescope
SPT-SZ (2007)

960 detectors at 95, 150, 220 GHz

SPTpol (2012)

1500 detectors at 95, 150 GHz

w/polarization

photo credit: Jason Gallicchio
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SPT-3G (2017)

15,000 detectors at 95, 150, 220 GHz

w/polarization

45 cm



South Pole Telescope
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SPT-3G (2017)

15,000 detectors at 95, 150, 220 GHz

w/polarization

45 cm

complete redesign of everything 
except primary structure:


• secondary optics

• detectors

• readout electronics

• software



Detectors

60cm (2ft)

Use superconducting detectors at 
0.3 degrees above absolute zero!
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SPT-3G 2018 E Modes
Q polarization map

High-pass filtered ℓ > 300

Q
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SPT-3G 2018 E Modes
Q polarization map

High-pass filtered ℓ > 300

Q

U polarization map

High-pass filtered ℓ > 300

U
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Polarization Power Spectrum
1.2 CMB-S4 Design Considerations 3

Figure 1. Current measurements of the angular power spectrum of the CMB temperature and polarization
anisotropy. The horizontal axis is scaled logarithmically in multipole ` left of the vertical dashed line (` < 30)
and as `0.6 at higher multipole. Best-fit models of residual foregrounds plus primary CMB anisotropy power
for TT datasets are also plotted. To illustrate the expected improvements with CMB-S4, the projections for
a strawman instrumental configuration are shown in grey (binned with �` = 5 for TT and EE spectra and
�` = 30 for BB) for a ⇤CDM with r = 0 cosmological model.

shift space distortions, weak lensing, galaxy and galaxy cluster surveys, Lyman-alpha forest measurements,
local determinations of the Hubble constant, observations of type Ia SNe, and others. The CMB primary
anisotropy measurements provide highly complementary data for the combined analysis; by providing a
precision measurement of the Universe at z = 1100, the CMB data leads to tight predictions for measurements
of the late time Universe for any adopted cosmological model—measurements of the Hubble constant, the
BAO scale, and the normalization of the present day matter fluctuation spectrum being excellent examples.
Secondary CMB measurements provide late-time probes directly from the CMB measurement, e.g., CMB
lensing, the SZ e↵ects and SZ cluster catalogs, which will provide critical constraints on the standard
cosmological models and extensions to it. The cosmological reach of future cosmological surveys at all
wavelengths will be greatly extended by their joint analyses with secondary CMB anisotropy measurements.

1.2 CMB-S4 Design Considerations

The CMB-S4 science goals, as outlined in the executive summary, and detailed in the following chapters, lead
to several general aspects of the instrument design. We briefly summarize the general design considerations
below.

CMB-S4 Science Book
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Neutrino Mass: Matter Power Spectrum
3.3 Cosmological Measurements of Neutrino Mass 53
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Figure 2–3: Visualizing the impact on cosmological power spectra of varying the
total neutrino mass. Each curve represents a change in the total neutrino mass of
0.1 eV. At top left, the impact on the matter power spectrum is shown, with the
top-right panel showing the relative change, in comparison to the no-mass case. The
massive neutrinos wash out structure on scales k > 0.01 h Mpc�1. Similar behavior is
seen in the two-dimensional CMB lensing power spectra (middle row). The bottom
row shows the impact on the CMB temperature power spectrum.
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Figure 14. The e↵ect of massive neutrinos on the matter power spectrum and CMB lensing power
spectrum. Top Left: The e↵ect of neutrino mass on the matter power spectrum. Top Right: The change to
the matter power spectrum relative to the case with massless neutrinos. Bottom Left: The projected matter
power spectrum observed through CMB lensing shows the same suppression with neutrino mass. Bottom
Right: The relative change to the lensing potential power spectrum.

The lower limit on ⌦⌫h
2 is a reflection of the lower limit on the sum of the masses,

P
m⌫ & 58 meV, that

is determined from neutrino oscillation experiments [277]. This sets a clear observational target for future
observations.

Any probe of Pmm at late times is, in principle, sensitive to the sum of the neutrino masses. The question
we will be most interested in is whether a given probe is sensitive to the lower limit,

P
m⌫ = 58meV (or

⌦⌫h
2 = 0.0006) under realistic circumstances. In this subsection, we will discuss the two methods through

which CMB-S4 can directly constrain the neutrino mass, CMB lensing and SZ cluster abundances. We will
also compare these observables to other cosmological probes of the neutrino mass from upcoming large scale
structure surveys such as DESI and LSST.

CMB-S4 Science Book
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• Sum of neutrino 
masses affect 
growth of structure 
in universe 

• Clustering of matter 
suppressed at scales 
< 100 MPc


• ~5% suppression per 
0.1eV in total mass 


• Lower limit from 
oscillations: 

�
mν > 0.06eV
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CMB-S4 science book

oscillations depend on squared mass 
differences, not absolute mass scale



Neutrino Mass and Gravitational Lensing

• Trajectories of CMB photons distorted by 
large-scale structure


• Angular scale of deflection ~2 arcmin, 
coherent over ~2 deg


• Reconstruct the projected gravitational 
potential between us and CMB

CMB probes matter power spectrum and neutrino mass
27



The CMB-S4 Concept
• Concept: 

• 400,000 detectors split between 3x 6m-aperture, ~18x 0.5m-aperture 
telescopes


• Two sites: Split between South Pole and Atacama in Chile

• Two surveys: Inflation survey on 3-8% sky, neutrinos and cross-correlation 

on 40% sky

Figure: Mark Devlin / Mike Niemack Figure: BICEP Array
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Small aperture: inflationary B 
modes

3-m diameter, 9000 lbs  
Dilution fridge cryostat  
~100,000 TES detectors

Large aperture: delensing, neutrinos, high-
resolution science

Simons Observatory LAT BICEP Array



Questions?
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